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I .  I~TRODUCTIO~ AND SUMMARY 

In  a rocket motor having a de  Lava1 nozzle with a f i x e d  expans 
only  one p res su re  r a t io  p , /po  f o r  which t h i s  expansion r a t i o  is c o  
p r e s s u r e  r a t i o  t h e  gases m l l  he e i t h e r  underexpanded or overexpanded, depe  
whether t h e  p r e s s u r e  r a t i o  is h ighe r  or lower than  t h e  correct va lue .  Rocket 
flame p a t t e r n s  i l l u s t r a t i n g  t h e  four  p o s s i b l e  regimes are shown i n  Figures 1 to  4, 
i n c l u s i v e .  I n  F igu re  1, t h e  p r e s s u r e  r a t i o  is h i g h e r  than  t h e  correct one for t h e  
f i x e d  expans ion  r a t i o  of t h e  n o z z l e ,  r e s u l t i n g  i n  underexpans ion  of t h e  gases. I n  
F igure  2 ,  t h e  p r e s s u r e  r a t i o  is the  correct one. I n  Figure 3 ,  t he  p r e s s u r e  r a t i o  is 
only  s l i g h t l y  lower than the  correct one, r e s u l t i n g  i n  overexpansion wi thout  s epa ra -  
t i o n  o f  the gases  from the  wall. I n  Figure 4, the pressure  r a t i o  is cons iderably  below 
the r o r r e c t  one ,  r e s u l t i n g  i n  overexpans ion  w i t h  s e p a r a t i o n  of t h e  gases from t h e  
nozzle wal l .  "he present  r e p o r t  is concerned p r imar i ly  with t h i s  f o u r t h  type of flow, 
t h a t  is, overexpansion of the  gases wi th  sepa ra t ion  of the  flow from the w a l l .  S c h  a 
s i t u a t i o n  e x i s t s  i n  a rocket motor o p e r a t i n g  a t  a c o n s i d e r a b l y  lower a l t i t u d e  than  
t h a t  f o r  which i ts  exhaust nozz le  was designed. 

'rests were made with overexpanded nozz les ,  and a record  was taken  of t h e  pressure  
v a r i a t i o n  a l o n g  the  w a l l  o f  t h e  n o z z l e  i n  e a c h  t es t .2  The p r e s s u r e  fo l lowed  t h e  
t h e o r e t i c a l  a d i a b a t i c  expans ion  cu rve  down t o  the  p o i n t  of  s e p a r a t i o n  below atmos- 
p h e r i c  pressure,  and t h e n  r e t u r n e d  q u i t e  a b r u p t l y  t o  a p p r o x i m a t e l y  a t m o s p h e r i c  
pressure .  The po in t  of  s epa ra t ion  was found to  move downstream wi th  inc reas ing  chamber 
p r e s s u r e ,  the c u r v e  of  s e p a r a t i o n  area r a t i o  v s  chamber p r e s s u r e  b e i n g  n e a r l y  a 
s t r a i g h t - l i n e  func t ion .  Typ ica l  va lues  are:  s e p a r a t i o n  a t  a r e a , r a t i o  5.5 a t  200 p s i a  
chamkr  p res su re ,  and s e p a r a t i o n  a t  a r e a  r a t i o  8.3 a t  350 p s i a  chamber pressure .  Also 
the po in t  o f  s epa ra t ion  was found to  he r e l a t i v e l y  unaf fec ted  by changes i n  the  nozzle 
d ivergence  ang le ,  vary ing  only  about 0 .8  a r e a  r a t i o  a t  a g i v e n  chamber p r e s s u r e  for 
changes i n  nozzle d i v e r p r i c e  ha l f - ang le s  from 10 to  30". 

The g a s e s  were found t o  s e p a r a t e  from t h e  w a l l  when t h e y  had expanded to a 
p r e s s u r e  o f  a b o u t  5 p s i a ,  and  t h i s  s e p a r a t i o n  p r e s s u r e  d e c r e a s e d  s l i g h t l y  w i t h  
i n c r e a s i n g  chamber p re s su re .  Of spec ia l  s i g n i f i c a n c e  is t h e  f a c t  t ha t  t h i s  separd t  ion  
p r e s s u r e  a p p e a r s  t o  be i n d e p e n d e n t  o f  m i x t u r e  r a t i o ,  g a s  t e m p e r a t u r e ,  a d i a b a t  
expans ion  exponent y (and hence p r o p e l l a n t  combina t ion) ,  to ta l  expansion r a t i o ,  and 
nozzle d ivergence  ha l f -angle .  

The loss i n  t h r u s t  r e s u l t i n g  from o p e r a t i o n  of a nozzle having a t o t a l  rxperisiori 
r a t i o  of  10, a s  compared w i t h  one having  a t o t a l  expansion r a t i o  of 3.65, was d e t e r -  
mined f o r  var ious  divergence ha l f - ang le s .  A t y p i c a l  experimental  loss value was 8 per 
c e n t ,  compared w i t h  a t h e o r e t i c a l l y  p r e d i c t e d  v a l w  of 12  p e r  c e n t  when s e p a r a t i o n  
was neglected.  

1 



The nozz le  shown i n  F igu re  5 was designed for o p t  

i nc luded  t h r e e  having  expansion ra t ios  of 10 w i t h  d ivergence  ha l f - ang le s  o f  10, 15, 
anti 20", and one hav ing  a n  expans ion  r a t i o  o f  20.8 wi th  a d ivergence  h a l f - a n g l e  of 
15". The nozz le  was water-cooled e x c e p t  for t he  p o r t i o n  between a r e a  ra t io  3 and t h e  
e x i t ,  t h i s  p o r t i o n  o f  the expansion s e c t i o n  be ing  uncooled. This type of  cons t ruc t ion  
was p o s s i h l e  because the tempera ture  of  t he  exhaus t  gases  was l o w  enough t o  prevent  
o v e r h e a t i n g  of  t h e  uncooled  p o r t i o n  beyond a r e a  r a t i o  3. T h i s  c o n s t r u c t i o n  a l s o  
g r e a t l y  s i m p l i f i e d  the i n s t a l l a t i o n  of the  p re s su re  taps  f o r  t he  p re s su re  m a s u r e m n t s .  
lioles o f  1 /32- inc t r  d i a m e t e r  were d r i l l e d  a t  1 / 2 - i n c h  i n t e r v a l s  i n  t h e  expand ing  
p o r t i o n  o f  t h e  nozz le ,  s t a r t i n g  a t  approximate ly  a r e a  r a t i o  3 and e x t e n d i n g  t o  t h e  
nozz le  e x i t .  These h o l e s  were d r i l l e d  c a r e f u l l y  to be normal t o  t h e  nozz le  s u r f a c e  
and t o  have s h a r p  c o r n e r s  wi thout  b u r r s .  The p r e s s u r e  was conducted t o  t h e  mercury 
manometer bank through copper tubes ,  114 i nch  i n  diameter,  which were brazed i n t o  the 
nozz le  w a l l  a s  shown i n  Figure 6 .  C e r t a i n  o f  the  p r e s s u r e  t a p s  were repea ted  i n  t w o  
o t h e r  c i r c u m f e r e n t i a l  l o c a t i o n s  around t h e  nozz le  i n  o r d e r  t h a t  any nonsymmetry of 
p re s su re  might be determined. F igure  7 is a photograph of  a t y p i c a l  nozzle showing a l l  
t h e s e  d e t a i l s  o f  c o n s t r u c t i o n .  In  t h i s  photograph, the  cooled copper p o r t i o n  o f  t he  
nozzle appears i n  the  cen te r ,  t he  o u t e r  case f o r  optimum expansion i s  a t  the  l e f t ,  and 
t h e  o u t e r  ca se  f o r  overexpansion is a t  t he  r i g h t .  

Ine test rocke t  motor was mounted on a para l le logram-type  t h r u s t  s t and  RS shown 
i n  the photograph of Figure 8. The para l le logram was supported by e i g h t  b a l l  bearings 
and pushed a g a i n s t  a hydrau l i c  p i s t o n  ( a r e a  1 sq  i n . )  f o r  t ransmiss ion  of t h e  t h r u s t  
f o r c e  t o  t h e  r e c o r d i n g  gage. The h y d r a u l i c  p i s t o n  was r o t a t e d  s l o w l y  w i t h i n  its 
h o u s i n g  i n  o r d e r  t o  minimize  f r i c t i o n  f o r c e s .  O p e r a t i o n  o f  t h e  r o c k e t  motor was 
observed through the  windows between the  c o n t r o l  r o o m  and the conc re t e  test area. 

I I I. INSTRUMENTATIOR 

The q u a n t i t i e s  of m o s t  impor t ance  t o  be measured d u r i n g  a test  Were t h r u s  



i n  o r d e r  to remove any mois ture  condensation. 
For p r o p e l l a n t  flow measurement, the  depth  o f  each p r o p e l l a n t  i n  its c a l i b r a t e d  

t<ank was measured hefore  and a f t e r  each test. 'I'tie flow rate of t he  p rope l l an t  was then 
obtained by d i v i d i n g  the q u a n t i t y  o f  p rope l l an t  used by- the d u r a t i o n  o f  t h e  test. The 
c o o l i n g  water f o r  t h e  r o c k e t  chamher and nozz le  was metered through F i s c h e r - P o r t e r  
rotanrrtprs. These rot,ameters were the v i s u a l  type, g iv ing  a direct r ead ing  of the flow 
o f  water i n  pounds per second. 

I V .  TEST PROCEDURE 
?'he test  c e l l  was piped accord ing  t o  the  simplified diagram shown i n  Figure 11. 

I'}w p r o p e l l a n t  tanks ,  c o n t a i n i n g  red fuming n i t r i c  ac id  (fj?!j% NO, added) and a n i l i n e ,  
were e q u a l l y  p r e s s u r i z e d  from c o n m r r i a l  h igh -p res su re  n i t r o g e n  cylii ideru through a 
pressure- reducing  r e g u l a t o r .  1)IwriinK the f i r s t  s e t  o f  va lves  i n  the  p r o p e l l a n t  l i n e s  
e\taf, l ished f Low t hrouyli the  rest ric t o r s  in the s t a r t i n g  c i r c u i t .  nie igni t ton of r ed  
fuming n i t r i c  ac.id anti a n i l i n e  i n  t h e  rocket motor I S  s p o n t a n e o u s .  ? h e  chamher 
p r e s s u r e  dewloper i  l y  this r e s t r i c t e d  flow a r t m i  on a p r e s s u r e  switch which i n  t u r n  
opeIwci the second set o f  kalves i n  the propel lan t  lines, e s t a b l i s h i n g  t fie flow through 
t t r  f u l l - f l o w  c i r c u i t .  h i t h  t h i s  rnc.t,hod of  o p e r a t i o n ,  t e s t  s t a r t s  were o b t a i n e d  
quick ly  and were near ly  i d e n t i c a l  I'rom test t o  t e s t .  

Tests were normally 30 seconds  i n  d u r a t i o n ,  and i n  those  t e s t s  mdr w i t h  n%t . r -  
expanded n o z z l e s ,  p i c t u r e s  were takt.n of the manometer Lank recorl!~ rig the rtt 

pressures  a t  1- or ?-second in t e rvd lb .  Frorn t hese  rrmarlneter p i c t u r e s  i t  wa'i dete 
t h a t  e q u i l i b r i u m  c'ontl i t ions were rtsac tied i n  approxirn<tt r,ly 5 S ~ C O I ~ S ,  anfl pressirrcv 
were r e l a t i v e l y  s teady  a f t e r  that i n t v r v a l .  



were tes ted ,  s i n c e  i t  w a s  believed t h a t  
encountered i n  rocke t  motor work. F i n a l l y ,  
ob ta ined ,  a nozz le  having  a d ivergence  ha l f -a  

A. S e p a r a t i o n  Data 

p = pres su re  measured a t  p lane  i n  nozzle 

f = a r e a  o f  nozzle c r o s s  s e c t i o n  where pressure  is p 

p, = chamber p re s su re  

f t  = nozzle t h r o a t  a r ea  

Included on each graph o f  the d a t a  are theoretical curves assuming a d i a b a t i c  expansion 
of the gas  through t h e  nozz le  according t o  the  usua l  expres s ion  (Cf .  Ref. 1): 

I 

f f t  = r' r- (e) 
i n  which r' is a cons t an t  def ined  

r 

by the  equat ion  

' I h e o r e t i c a l  c u r v e s  for y = 1.30 and y = 1 .26  a r e  i n c l u d e d ,  s i n c e  t h e s e  va lues  w i l l  
approximately bracke t  cond i t ions  encountered i n  the  a c i d - a n i l i n e  rocket, motor. 

The r e s u l t s  from groups  of tests have k e n  summarized i n  r ega rd  t o  s e p a r a t i o n  
d a t a  b y p l o t t i n g  thechamber p re s su re  a g a i n s t  t h e a r e a  r a t i o  a twhich  sepa ra t ion  occurred. 

2. Tests w i t h  nozzle of I s 0  divergence half-angle and at htgh mixture ratto. 
Opera t ion  a t  a mixture r a t i o  of approximately 3 produces maximum exhaust ve loc i ty  with 
t h e  a c i d - a n i l i n e  p r o p e l l a n t  combination. However, a t  t h i s  mix ture  r a t i o ,  where t h e  
combustion t empera tu re  i s  5020°F, t h e  lifetime of some r o c k e t  motor p a r t s  ( s u c h  as 
chrome-pla ted  copper  n o z z l e s )  is rather l i m i t e d .  For t h i s  r e a s o n ,  most tests were 
made a t  a mixture r a t i o  of 1.9 to 2.0 (combustion temperature 365OoF), but a few tests 



of the  tests were made a t  a mixture  r a t i o  of about  1.9. Res 

pres su re  t e s t e d ,  with a r a t h e r  abrupt  r e t u r n  to  near-atmospheric p r e s s  
s t r e a m  from t h e  s e p a r a t i o n  p o i n t ,  and then  a g radua l  r e t u r n  t o  e x a c t l y  a tmospher ic  
p re s su re  a t  the  nozzie  e x i t .  

I n  s e v e r a l  o f  these tests (Cf .  F i g s .  15, 16, 17, 19,  20, 23, and 24) a nozz le  
was used i n  which t h e  p r e s s u r e  t a p s  ex tended  a s  f a r  upstream a s  t h e  t h r o a t  of t h e  
nozzle .  The purpose of these  tests was t o  de te rmine  t h a t  no d i s c o n t i n u i t i e s  e x i s t e d  
i n  t h e  expansion process  a t  any p l ace  between the t h r o a t  and t h e  nozzle e x i t .  ? h a t  no 
d i s c o n t i n u i t i e s  e x i s t e d  is ev iden t  from the  smoothness of the curves p l o t t e d  from the 
measurements taken.  Within t h e  expe r imen ta l  accuracy,  t h e  measured t h r o a t  p r e s s u r e  
agreed with the p red ic t ed  value (Cf.  Ref. 1) of 

Y 

A sumnary curve f o r  t h e  s e p a r a t i o n  d a t a  is presented  i n  Figure 25,  i n  which the 
a r e a  r a t i o  a t  t h e  p l ane  o f  s e p a r a t i o n  is p l o t t e d  a g a i n s t  chamber p re s su re .  From t h i s  
curve it is seen t h a t  the  point  of s epa ra t ion  mves downstream a s  the chamber pressure 
i n c r e a s e s .  The change is n e a r l y  a s t r a i g h t - l i n e  f u n c t i o n ,  t h e  p o i n t  of s e p a r a t i o n  
varying from a rea  r a t i o  5.5 a t  200 ps ia  chamber pressure t o  a rea  r a t i o  8.3 a t  350 p s i a  
chamber p re s su re .  

As n o t e d  i n  S e c t i o n  11, on some o f  t h e  n o z z l e s  c e r t a i n  p r e s s u r e  t a p s  were 
r epea ted  i n  two o t h e r  c i r c u m f e r e n t i a l  l o c a t i o n s  around t h e  nozzle  i n  o r d e r  t h a t  any 
nonsymmetry o f  p r e s s u r e  migh t  be de te rmined .  During the tests, t h e  p r e s s u r e s  were 
found to h q u i t e  symnetr ical ,  t h e g r e a t e s t  dev ia t ions  occurr ing,  a s  would Le expected, 
i n  the p re s su re  downstream from t h e  plane o f  s e p a r a t i o n  where the p re s su re  curve  was 
r e t u r n i n g  very  s t e e p l y  toward a tmosphe r i c  p r e s s u r e .  The method o f  i n d i c a t i n g  t h e  
asymmetry o f  p r e s s u r e  is g iven  i n  F igu re  21. Here t h e  d o t t e d  v e r t i c a l  l i n e  th rou  



nozzle ;  t h e  detached flow persists even when t h e  chamber pressure  i s  m d e  s u f f i c  
low t o  s a t i s f y  cond i t ions  for the occurrence of a plane shock  wave within the nozzle .  
According t o  t h e  rocket motor theory  w b c h  n e g l e c t s  s epa ra t ion ,  the p l a n e  shark wave 
would stand a t  the exit plane of the nozz le  when the p res su re  j u s t  up5tream from the  
normal shock p ,  and t h e  c h a n h r  pressure  are such (Cf. Ref .  2)  t ha t  

1 

f e  - _  - 
f t  

For any chamber p r e s s u r e  less than t h i s  va lue ,  thc  theory I n d i c a t e s  thaL t h e  



p r e s s u r e s .  The cu rve  for t h e  20" nozz le  f e l l  between the  cu rves  for t h e  10 a n  
n o z z l e s ,  and t h e  s m a l l  s c a t t e r  of t he  d a t a  a round these c u r v e s  seemed t o  i n d i c a t e  
t h a t  this e f f e c t  was r e a l .  

Because o f  the  apparent ly  anomalous r e s u l t s  m n t i o n e d  i n  the  prev ious  paragraph, 
a nozzle having a divergence ha l f - ang le  of 30" was cons t ruc ted  and t e s t ed  i n  an  e f f o r t  
t o  c l e a r  up t h i s  e f f e c t .  P re s su res  measured dur ing  ind iv idua l  tests with the nozzle of 
30" d ivergence  h a l f - a n g l e  a r e  shown i n  Figures 44 th rough 48, which are ar ranged  i n  
o r d e r  of i n c r e a s i n g  chamber p re s su re .  The d a t a  d id  n o t  have t h e  same cons i s t ency  a s  
tiad been o b t a i n e d  w i t h  t h e  p r e v i o u s  n o z z l e s ,  and when t h e  s e p a r a t i o n  d a t a  were 
p l o t t e d ,  as shown i n  F igure  49, t h e  p o i n t s  scattered a m n g  t h e  p o i n t s  for the  o t h e r  
t h r e e  nozz les .  

The s c a t t e r  ob ta ined  wi th  the nozz le  of No d i v e r g e m e  h a l f - a n g l e  was probably  
due  t o  one ,  or a combina t ion ,  o f  the f o l l o w i n g  f a c t o r s :  ( 1 )  l es t s  f o r  symmetry of 
s e p a r a t i o n  made with the  20" nozzle ( v e r t i c a l  J o t t e d  l i n e s  through p o i n t s  i n  F'ip. 3? 
through 42) showed an inc rease  i n  asymmrtry of  s e p a r a t i o n  over t h a t  i n  the 10 and 15* 
nozz les .  Tests fo r  s y m n c t r y  of s e p a r a t i o n  w e ~ p  not made wi th  the  30" n o z z l e ,  and i t  
seems probahle  t h a t  t h e r e  w a s  a F;re<it ly i n c r e a s t d  amount o f  asymnetry of s e p a r a t i o n  
w i t h  t he  nozz le  of such a l a rge  d i v e r g m c e  angle .  Khis f a c t o r  would acrouiit  for  t h e  
s c a t t e r  i n  t h e  separa t ior i  d a t a ,  and 1% v t r y  l i k e l y  the major con t r ibu t ion .  (2) h i k f  
possible source  of d i f f i c u l t y  may tre tha t  30' IS approaching too closely the ang le  a t  
w h c h  s epa ra t ion  i s  Paused hy divergmce, and may t h u s  r e s u l t  i n  uns tab le  pressbires lin 
the overexpanded por t ion .  Separa t ion  of t h e  gases from the  wall is knr,wn t o  Dcciir w ~ t h  
a divergenct. ha l f - ang le  somewhere Letween XI and fin. 

Although t e s t i n g  the 30" nozzle d i d  not i n  i t s e l f  c l e a r  the apparent Iy a n c ~ m a l i - ) ~ ~  
r e s u l t s  ob ta ined  wi th  the  o t h e r  nozz le s ,  i t  showed an impor tan t  r e s u l t :  ?he plane  of  
s e p a r a t i o n  i s  r e l a t i v e l y  unaf fec ted  by changes ~n the nozzle  divergence angle .  I t  is 

e v i d e n t ,  for i n s t a n c e ,  t h a t  i n  F igure  49, a t  a charniter p r e s s u r e  of 300 p s i a ,  s e p i r a -  

_ .  

is a d e f i n i t e  



a s  chamber p re s su re  inc reases .  S ince  po in t s  a r e  included from a l l  the  nozzles t e s t e d ,  
t h i s  cu rve  a p p e a r s  t o  Ile independent  o f  mix tu re  r a t i o ,  
expans ion  exponent 7 (and t h e r e f o r e  p r o p e l l a n t  combinati  
and nozz le  d ivergence  ha l f -angle .  The one q u e s t i o n  t h a t  
t h e  p re sen t  experimental  equipment was the  e f f e c t  o 
tests, t h e  back p res su re  w a s  atmospheric p re s su re  of 
of t h e  a b s o l u t e  va lue  o f  back p r e s s u r e  is n o t  appr  
a l t i t u d e  r o c k e t  c o u l d  assume a d i a b a t i c  e x p a n s i o  
p r e s s u r e  to t h e  p r e s s u r e  shown by Figure 50, a t  which p r e  
p lace ;  thus  the designer could  determine t h r u s t  a t  l amchi f ig  and dur ing  f l i g h t .  

B. I n d u c e d  S e p a r a t i o n  

For each  e x t e r n a l  p r e s s u r e  there exists an  optimum nozz le  whose expansion ra t io  
g ives  maximum t h r u s t .  For v e r t i c a l  f l i g h t ,  where p re s su re  is c o n t i n u a l l y  decreas ing ,  
t h e  most e f f i c i e n t  nozz le  would be one * i t h  a c o n t i n u a l l y  v a r y i n g  expans ion  r a t i o .  
Because of t h e  ev iden t  d i f f i c u l t i e s  o f  cons t ruc t ing  such a nozz le ,  present-day rocke t s  
have a r ig id  nozz le  des igned  for some mean a l t i t u d e .  I n  some i n s t a n c e s ,  however, a n  
apprec i ab le  i n c r e a s e  i n  a t t i t u d e  might be ob ta ined  by having  two or three expans ion  
r a t i o s  b u i l t  i n t o  one nozz le  wi th  a means for c a u s i n g  gas s e p a r a t i o n  t o  change from 
one t o  ano the r .  I t  has  been shown (Cf. Ref. 3) t h a t ,  i n  most i n s t a n c e s ,  very  l i t t l e  
advantage is obta ined  by having more than two such s t e p s .  

D u r i n g  t h e  c o u r s e  of t h e  p r e s e n t  i n v e s t i g a t i o n ,  s e v e r a l  p o s s i b l e  methods of 
inducing  s e p a r a t i o n  a t  a d e s i r e d  area r a t i o  have cow to mind. (1) A r i n g  (or r i n g s )  
of ho le s  (Cf .  des ign  a of Fig. 51) might be d r i l l e d  i n  the  nozz le  w a l l  and connected 
t o  e x t e r n a l  p r e s s u r e  oc ram p r e s s u r e  of the  ascending  rocke t ,  caus ing  s e p a r a t i o n  a t  
t h e  air  i n l e t .  These openings could  tlc? valved o f f  a s  the rocke t  ascended and a l a r g e r  
nozzle area ra t io  was required.  ( 2 )  An abrupt  change i n  angle  i n  the  d ive rg ing  p o r t i o n  
o f  t h e  nozz le  wall (Cf .  d e s i g n  b of Fig. 51) might c a u s e  s e p a r a t i o n  a t  low p r e s s u r e  
ra t ios  o f  p , / p ,  and n o t  a t  t h e  h i g h e r  p r e s s u r e  ra t ios  a t  i n c r e a s e d  a l t i t u d e .  ( 3 )  A 
s t e p  (or s t e p s )  of material of  p r o p e r  m e l t i n g  t empera tu re  might  be p l a c e d  i n  t h e  
d i v e r g i n g  p o r t i o n  of t h e  nozz le  t o  cause s e p a r a t i o n  u n t i l  each  s u c c e s s i v e  s t e p  was 
burned away (Cf .  des ign  c of Fig. 51). (4 )  A s l i d i n g  s e c t i o n  might be b u i l t  i n t o  the  
nozzle t h a t  would move o u t  i n t o  p o s i t i o n  a t  a predetermined p res su re  r a t io  (Cf. des ign  
d of Fig;. 51). 

A few preliminary tests have been made us ing  the f i r s t  of these  methods, t h a t  is, 
d r i l l i n g  holes  th rough  t h e  n o z z l e  w a l l  t o  a l l o w  a i r  to be drawn i n ,  t h u s  c a u s i n g  
sepa ra t ion .  Six tests were made. A b r i e f  d e s c r i p t i o n  of each test  fo l lows ,  and p a p h s  
of  p r e s s u r e  r a t i o  vs a r e a  r a t i o  for  each  t e s t  are shown i n  F i g u r e s  52 through 57. 

1. In  test E40W (Cf.  Fig. 52) t h e  nozz le  having  a d ive rgence  h a l f - a n g l e  
of 1 5 O  and a t o t a l  expans ion  r a t i Q  of 10.0 was used. F i r s t ,  f o u r t e e n  
holes of 1/4-inch diameter were d r i l l ed  through the  nozzle wall a t  a rea  
r a t i o  7.0. A t  a chamber p r e s s u r e  of 330 p s i a  where s e p a r a t i o n  would 
o c c u r  no rma l ly  a t  area r a t i o  8.0, s e p a r a t i o n  was induced a t  the  . 
i n l e t  holes a t  area r a t io  7.0.  F l u c t u a t i o n s  i n  t h e  p r e s s u r e  nea r  
s e p a r a t i o n  p o i n t  a r e  i n d i c a t e d  by t h e  d o t t e d  p o r t i o n  of the  curve 
t h e  l i m i t s  o f  f l u c t u a t i o n  i n d i c a t e d  by t h e  t w o  p l o t t e d  p o i n t s  a t  
r a t i o  7.0.  
In test F41W (Cf .  Fig. 531, u s i n g  t h e  same c o n f i g u r a t i o n  a s  i n  test  
EMW, a t es t  was made a t  350 p s i a  cham p r e s s u r e  where s e p a r a t i  
would occur  normally a t  area r a t i o  8 . 3 .  i n ,  s e p a r a t i o n  occur red  
t h e  a i r  i n l e t  h o l e s  a t  area r a t i o  7 . 0 .  I n c r e a s e d  f l u c t u a t i o n s  

2. 



t E42W (Cf. Fig. 

t i o n  would occur normally a t  a r e a  r a t i o  8.0. Sepa ra t ion  d i d  not  occur 
a t  t h e  upstream a i r  i n l e t  a t  a r ea  r a t i o  4.8, but continued t o  occur a t  
the second a i r  i n l e t  a t  a r ea  r a t i o  7.0. 

5. I n  test E4SW ( C f .  Fig.  56), u s i n g  t h e  same c o n f i g u r a t i o n  a s  i n  test 
W4W1 a test was made a t  255 p s i a  chamher p re s su re ,  a t  which p res su re  
the normal sepa ra t ion  po in t  is a t  a r ea  r a t i o  6.6, Separat ion d i d n o t  occur 
a t  the upstream a i r  i n l e t ,  but continued a t  the  normal sepa ra t ion  po in t .  

6. I n  test  E47W (Cf.  Fig.  5 7 ) ,  i n  o r d e r  t o  s i m u l a t e  ram p r e s s u r e  i n  an  
a c t u a l  veh ic l e ,  ni t rogen gas a t  a ve loc i ty  o f  500 ft/sec was introduced 
a t  t h e  upstream a i r  i n l e t  holes .  T h i s  v e l o c i t y  was chosen s i n c e  i t  i s  
t h a t  of t h e  e x i s t i n g  V%C WRPCML v e h i c l e  a t  t h e  end of boost.  With a 
chamber p re s su re  of 308 p s i a  (normal s e p a r a t i o n  p o i n t  a r e a  r a t i o  7.6)  
t h e  g a s e s  s t i l l  d i d  n o t  s e p a r a t e  a t  t h e  u p s t r e a m  a i r  i n l e t ,  b u t  
continued t o  sepa ra t e  a t  t h e  downstream a i r  i n l e t  a t  a r ea  r a t i o  7.0. 

I n  t h i s  series of p re l imina ry  tests, a l i m i t e d  amount o f  s u c c e s s  was ob ta ined  
wi th  t h i s  method of inducing sepa ra t ion  of the gases  from the rocket  nozzle wall. For 
a s p e c i f i c  a p p l i c a t i o n  i n  which an apprec i ab le  advantage could be obta ined  by having 
more than one n o z z l e  expans ion  r a t i o ,  a d d i t i o n a l  tests wi th  d e s i g n  a of F igure  51 
(or one of t h e  o t h e r  three d e s i g n s )  would be warranted,  with good chances f o r  e a r l y  
s u c c e s s f u l  achievement.  Fxamples of t h e  advantage t h a t  can be ob ta ined  by having a 
n o z z l e  wi th  two expans ion  r a t i o s  r a t h e r  t h a n  one f i x e d  expans ion  r a t i o  have been 
c a l c u l a t e d  i n  Reference 3. A nozzle designed with an i n f i n i t e l y  v a r i a b l e  a rea  r a t i o ,  
such  t h a t  the optimum may be obta ined  f o r  each a l t i t u d e ,  was chosen (Cf .  Hef. 3) a s  
the  s t anda rd  by which maximum performance may be c a l c u l a t e d .  The r a t i o  of the  summit 
a l t i t u d e  reached by a rocket  veh ic l e  with a conventional nozzle of fixed area r a t i o  to  
the  a l t i t u d e  obtained by the i d e a l  nozzle is symbolized by t h e  r a t i o  H. I n  one example 
i t  is shown t h a t ,  for a rocket v e h i c l e  hav inp  a s e a - l e v e l  s p e c i f i c  impulse  of 200 
seconds,  an i n i t i a l  a c c e l e r a t i o n  o f  1 g, and i n i t i a l  ve loc i ty  o f  0 ,  a loading d e n s i t y  

n sumnit  a l t i t u d e  is 
and 35 over t h e  a l t i t  having expansio 



c o e f f i c i e n t  C,. 
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In a rocket  motor nozz le ,  i f  t h e  phenomenon of j e t  sepa ra t ion  d i d  no t  take p lace  
b u t  t h e  g a s e s  followed an  a d i a b a t i c  expans ion  p r o c e s s  down to t h e  nozz le  e x i t ,  then  
t h e  t h e o r e t i c a l  loss i n  t h r u s t  would be as shown i n  F igure  58 for a change i n  expan- 
s i o n  r a t i o  f rom 3 . 5  t o  10.0. Here CF h a s  been p l o t t e d  a g a i n s t  p ,  €or E = 3.5 and 
E = 10.0,  assuming y = 1.26 and no loss due  t o  nozz le  divergence (X = 1.0).  I h e  loss 
i n  t h r u s t  i n  changing from E = 3.5 t o  E = 10.0 v a r i e s  from 24.4 per  c e n t  a t  p ,  = 200 
p s i a  t o  8.8 per cen t  a t  p ,  = 350 p s i a .  I n  an  a c t u a l  nozz le ,  j e t  s e p a r a t i o n  does  occur 
and the  loss i n  t h r u s t  is n o t  as great as t he  theory i n d i c a t e s .  I n  Figure 59, expe r i -  
mental  C, values  have &en p l o t t e d  a g a i n s t  p ,  f o r  nozz le s  having  expansion ra t ios  o f  
3 .5  and 10:0, each having  a nozzle d ivergence  ha l f - ang le  of 15". I t  i s  seen t h a t  t h e  
loss  i n  t h r u s t  i n  changing  from E = 3.5 t o  E = 10.0 amounts t o  approximately 9 .2  p e r  
c e n t  a t  p ,  = 200 p s i a  to 7.1 p e r  c e n t  a t  p ,  = 350 p s i a .  I n  Figures 60 and 61, s i m i l a r  
d a t a  a r e  p re sen ted  for nozz le s  having  d ivergence  h a l f - a n g l e s  of 10 and 20", respec-  
t i v e l y ,  a l though t h e  number of exper imenta l  p o i n t s  with these  nozz le s  is i n s u f f i c i e n t  
t o  e s t a b l i s h  t h e  c u r v e s  t o  t h e  same d e g r e e  o f  accu racy  a s  t h e  c u r v e  f o r  t h e  15' 
nozzle.  

I n  tests made with t h e  nozz le  having a t o t a l  expansion r a t i o  of 10.0, the  loss i n  
t h r u s t  c a n  a l s o  be o b t a i n e d  by i n t e g r a t i n g  the  p r e s s u r e  forces a c t i n g  on the nozz le  
between a rea  r a t i o s  3.5 and 10.0. T h i s  check method was used i n  s e v e r a l  tests and, by 
means of a g r a p h i c a l  i n t e g r a t i o n ,  agreement wi th in  1 per c e n t  of  t h e  measured t h r u s t  
was obta ined .  

When s e p a r a t i o n  o f  t h e  g a s e s  t a k e s  p l a c e  i n  a nozz le ,  suba tmospher ic  p r e s s u r e  
e x i s t s  i n  the  nozz le  from t h a t  p o i n t  to  the  nozz le  e x i t .  Thus, when the  nozz le  having 
a t o t a l  expans ion  of 20.8 was t e s t e d ,  t h e  gases  s e p a r a t e d  a t  the  same a r e a  r a t i o  as 
i n  the nozz le  having a t o t a l  expansion r a t i o  of 10.1) ( a s  shown i n  Sec t ion  V-A of t h i s  
r e p o r t ) ;  the t h r u s t ,  however, was somewhat decrpnsed. This e f f e c t  is shown i n  F igure  
62  i n  which CF is p l o t t e d  a g a i n s t  chamber p r e s s u r e  for the  n o z z l e s  having E * 3.5, 

1 t h e o r e t i c a l  c u r v e  (A 3 1 . 0 )  is i n c l u d e d  i 
loss between E = 3.5 a d  a = 20.0 is about 8 

. S  and z = 20.8 is  a b u t  I 1  cen t .  
A surrrnary o f  the  rocket motor p ~ r f o r n a ~ x . ~ ~  Jcita obtained dur ing  a l l  te 

11) Tab le  11. I n  examxnlng t h i s  t a l ) l e ,  i t  shcwld b ~ ~ r n ~ r ~ l ~ r ~ d  t h a t  t he  
t h r u s t ,  chamttcr p r e s s u r e ,  and CF 1 5  F O O J ,  J u t  t I r a  curacy  of rmxture  r a t i o ,  

truls t  1 ,  ( - t l j  Fair 
r* k* I u r  I '  t % f the., 
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VI. CONCLUSIONS 

Although t h e  phenomenon o f  j e t  de tachment  has been obs 
tematic behavior o f  t h e  

n a t u r e  o f  t h e s e  curves  
i n  Refe rence  3 t h a t  

wave n e a r  t h e  n o z z l e  and t h a t  t h e  

means of one - d i  mens iona 1 supe r s  on i c 
t h e o r y  ( a p p l i c a b l e  t o  t h e  l o c a l  re 
deve loped  t h a t  c o u l d  be s o l v e d  f o r  
p re s su re  r a t i o  f o r  v a r i o  
d a t a  for  va r ious  va lues  
a n g l e  9 a r e  both  p l o t t e d  on t h e  same graph, as i n  F igu re  64, i t  is  found t h a t  t he  
expcprrimental curve fo r  each nozz le  is reasonably p a r a l l e l  to the  family of t h e o r e t i c a l  
c u r v e s  for constant.  wedge anfrle. The assumption o f  a c o n s t a n t  wedge ang le  of lSlt3" 
would inc lude  a l l  o f  t h e  exper imenta l  d a t a .  An i n t e r e s t i n g  conc lus ion  is tha t ,  over 
t h e  range of c o n d i t i o n s  tested, the  wedge ang le  is almost independent of  t h e  nozz le  
d i v e r g e n c e  a n g l e ,  and is r e l a t i v e l y  u n a f f e c t e d  by changes  i n  p r e s s u r e  r a t i o ,  g a s  
t enpe ra tu re ,  a d i a b a t i c  expansion exponent y,  and nozz le  length.  

Another conclus ion  which has been t e n t a t i v e l y  e s t a b l i s h e d  is t h a t  t h e  s e p a r a t i o n  
p r e s s u r e  is  i n d e p e n d e n t  o f  m i x t u r e  r a t i o ,  g a s  t e m p e r a t u r e ,  a d i a b a t i c  e x p a n s i o n  
exponen t  y ( a n d  hence p r o p e l l a n t  combina t ion ) ,  t o t a l  expans ion  r a t i o ,  and n o z z l e  
d iverpenr  e angle .  This  conclus ion  will he checked by f u r t h e r  exper imenta t ion  a l r e a d y  
unckrtaLen by t h i s  Laboratory, u s ing  n i t rogen  gas  i n  a two-dimensional nozzle. ' 

Since  j e t  s e p a r a t i o n  is found t o  occur i n  h igh ly  overexpanded nozz les ,  t h e  loss 
i n  t h r u s t  a t  launching  of  a sounding rocke t  is n o t  a s  s e v e r e  a s  t h e  theory  p r e d i c t s  
when j e t  s e p a r a t i o n  is  n e g l e c t e d .  P r e l i m i n a r y  a t t e m p t s  to induce  s e p a r a t i o n  a t  a 
d e s i r e d  a r e a  r a t i o  have m e t  w i th  some success, and t h e  per formance  of a sound ing  
rocke t  might be improved by inducing s e p a r a t i m  of t h e  j e t  a t  two or more a rea  r a t i o s  
d u r i n g  t h e  powered f l i g h t .  

'Unpubl ished r e p o r t  on e x p e r i m e n t s  w i t h  t w o - d i m e n s i o n a l  s u p e r s o n i c  e r b a u s t  
s i n g  n i t r o g e n  gasl by John D. McKenney of t h i s  Laboratory. 
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TABLE I 

NOMENCLATURE 

c = e f f e c t i v e  exhaust  ve loc i ty  ( f t / s e c ) .  

C* = c h a r a c t e r i s t i c  exhaust  ve loc i ty  ( f t / s e c ) .  

CF = t h r u s t  c o e f f i c i e n t .  

f = area  (sq  i n . ) .  

fe = nozzle  e x i t  a r ea  (sq i n . ) .  

fs = a rea  a t  plane o f  s epa ra t ion  (sq in.). 

ft = nozzle  t h r o a t  a rea  (sq i n . ) .  

F = t h r u s t  ( l b ) .  

I s p  = s p e c i f i c  impulse ( l b  sec / lb ) .  

= mass flow rate  ( Ib /sec) .  

p = pressure  ( p s i a ) .  

p ,  = chamber pressure  ( p i a ) .  

p ,  = pressure  a t  nozzle e x i t  ( p s i a ) .  

p ,  = atmospheric pressure  ( p s i a ) .  

p ,  = pressure a t  plane of  separa t ion  (ps i a ) .  

= pressure  upstream from normal shock  ( p s i ) .  

p t  = pressure  a t  nozzle th roa t  ( p s i a ) .  

f- r = mixture r a t i o  = wdto 
t = time ( s e c ) .  

Ve = exhaust ve loc i ty  p a r a l l e l  t o  a x i s  ( f t / s e c ) .  

w f  = f u e l  flow r a t e  ( l b / s e c ) .  

wo = ox id ize r  flow r a t e  ( lb / sec ) .  

a = nozzle divergence ha l f -angle  ( O ) .  

y = r a t i o  o f  s p e c i f i c  hea t s .  

E = fJft = nozzle  expansion r a t i o .  

y -  1 
2 ( Y  - 1) 

= Y  (+J 
9 = wedge angle ( '1.  

A = nozzle d iveraence  anple  funct ion.  



TABLE I 1  

29.5 693 30233.31 4203 1.247 
4548 1.251 

1.262 4512 
~ 3001 3.12 

31.7 705 3. 18 __ __ 

ROCKET MOTOR PERFORMANCE DATA 

162.8 14.2 4.95 8.1 
176.7 14.1 4.97 8.0 

4.90 8.1 176.8 14.1 , - --__ 

32 
31 
33 
34 
14 
18 
13  
36 
35 
38 
37 

30.5 
27.0 
31.0 
31.5 
29.7 
30.3 
30.9 
31.5 
32 .O 
31.5 
31.0 

479 
500 
639 
6 31 
7% 
753 
7 38 
7 57 
774 
890 
889 - 

E 

201 1.88 40 30 
210 1.92 3833 

4185 

4077 
1.84 4301 
1.75 4264 

308 1.84 4293 
348 1.78 4444 
349 1.82 42 39 

= 10 (Overexpanded); a = 1 

1.312 
1.307 
1.360 
1.347 
1.379 
1.379 
1.392 
1.388 
1.381 
1.413 
1.407 

'; Hi& 

164.2 
155.6 
176.8 
175.0 
178.2 
1 7 4 6  
185.9 
183.8 
184.1 
195.0 
285.2 

14.1 -- 
14.2 
14.1 -- 
14.1 -- 
14.1 
14.2 - -  
14.2 
14.1 
14.1 -- 
14.1 
14.1 

-- 

-- 
-- 
-- 
-- 
-- 

xture Ratio 

<x) 
29 
24 
17 
26 
25 
50 
39 
28 
27 

75 
91 
71 
70 
69 
89 

I___ - 
9.5 
8.0 

10.5 
31.0 
13. 5 
11.5 
30.7 
31.2 
10.5 
14.5 -_ 

30.4 
29.7 
30.5 
30.7 
31.4 
29.8 
I__ 

~ 

30.5 

299 
299 
300 
302 
32 6 
35 2 
360 

457 [--2iT -5.11- 
486 2.18 
589 256 2.11 
69 0 
7 10 
712 
7 10 
76 1 
85 8 
883 

1.69 
1.98 
2.17 
1. 86 
1.78 
2.00 
1.87 

c: = 20.8 

35 35 
3308 
4091 
4550 
4085 
3907 
4241 
4372 
3859 
4422 

1.197 
1.197 
1.237 
1.268 
1.275 
1.272 
1.266 
1.276 
1.308 
1.315 

bereTarded); u = 

427i 

4283 

179.3 
161.8 
154.4 

156.7 

15" 

E = 3.65 ( O p t i m u m ) ;  CL = loo 

14.1 
14.1 
14.1 
14.1 
14.1 
14.1 

14.1 
14.1 
14.2 
14.1 
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TABLE I 1  ( C o n t ' d )  . 

E = 76 (Overexpanded); a = 30" 

1 .95  4336 4 .96  

Induced SDara t i on 
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Figure 2 
Correct Expansion of Ibcket 

Votor Flame 

Figure 1 
Underexpansion of Hocket 

Motor Flame 

I .  

I 

Figure 3 
Overexpansion of Rocket Motor 

Flame Without Jet- Separation 

J J 
Figure 4. Overexpansion of Rocket- Votor Flame Mith 

Jet Separation 
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COOLING JACKET 
I 

15" 1 L _ _  - ". 

Figure 5. Test Rocket Motor with  Optimum Fxpansion Nozzle 

I 

I 
1- 

TYP 



Figure 7 .  Typlcal Test "rozzle 

'Iypical Test Xotor Figure 9 .  Control 
no 



Figure 10. Typical Thrust and Chamber Pressure Hecords 

PRESSURE REDUCING 
REGUL AT0 R - . 

RESTRICTOR 

STARTING CIRCUIT -- 
- I  

Ne GAS 2000 psi 

ROCKET MOTOR 
FULL 
FLOW 
CIRCUIT 



@re 13. Pressure i n  Overexpanded NOzzle, E = 10, a = 15", .High Mix 



I O 0  

f / f +  

Figure 11.. Pressure i n  herexpanded Yozzle, E = 10, a = 15', Iligh blixture Ratio 



I 2  3 4 5 6 7 8 9 1 0 1 1  1 2 1 3 1 4 1 5  
f / f ,  

Figure 16. Pressure i n  Overexpanckci Xozzle, E = 10, a = 15", p ,  % = 200 psia 
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I O  

2 0  

30 

4 0  

5 0  Pc 1 P 
THEORY y = 1.20 

TEST E24W 





12 13 14 15 
f / f ,  

-l, 

Figure 30. Pressure i n  Overexpanded Nozzle, E = IO, a = 15", p c  = 300 ps ia  

TM PRESSURE = 14.1 psi 

I TEST E50W 
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80 

f / f t  
?r 

Figure 22. Pressure i n  Overexpanded Nozzle ,  E = 10, a = 15*, pc = 33'1 psra 

f / ft 

i n  Vverexpanded hozzle, E = 10, a = 15 



f / f t  

Figure 24. Pressure i n  Overexpanded Nozzle ,  E = 10,  a = 1S0, p c  2' 350 psia 



2 4  



Progress -- 

2 4 6 8 10 12 14 16 18 2 0  22 24 26 28  30 
f / t +  

Figure 28. Pressure i n  Overexpanded bozzle ,  E = 20.8, a = 15" 

f / f +  

Figure 3. Pressure i n  Overexpanded \ iozzle, E = 20.8, a = IS" 
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lor, 
2 4  8 IO 12 14 16 18 2 0  22 24 26 28 30  

t / f +  

Figure 30. Pressure i n  Overexpanded Nozzle ,  E = 20.8, a = 15" 
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4 06 
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24(  

2 2( 

2 O( 

I a (  

1 6( 
I 2 3 4 5 6 7 8 9 IO I I  12 

fd f t  

Figure 3 2 .  k e a  Ibtio a t  Plane of Separation v s  (ha&r Pressure for a = 15", 
E = 10.1) and 20.8 
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TEST E 5 4 W  

Figure 33. Pressure in Overexpanded Nozzle, E = 10.0, a = 10" 

THEORY y = 1.26 



f / f t  

Figure 35. Pressure i n  Overexpanded R ' O Z Z ~ C ,  E = 10.0, a = 10" 



f / f t  

Figure 37. Pressure in  Overexpanded Riozzle, E = 10.0, a = 20" 



50 
Pc /P 

60 

70 

80 

90 

100 

-ll___l -- 

THEORY y = 1.20 

,,THEORY y = 1.26 a = 20" 1 
-- - _I_.il --. - 

I 2  3 4 5 6 7 8 9 IO I I  1 2 1 3  14 I S  

f / f t  

Figure 39. Pressure i n  Overexpanded Nozzle, E = 10.0, a = 20" 
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a = 2 0 "  

I 2 3  4 5 6 7 8 9  l o l l  1 2 1 3 1 4 1 5  
f / f ,  

1.igm-e 41. Pressure i n  Overexpanded hozzle, E = 10.0, a = ?0" 
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1 2 3 4  5 6 7 8 9 10 I I  1 2  I3 14 15 
f / f +  

Figure 44. Pressure i n  Overexpanded Nozzle, E = 10.0, a = 30" 
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I O  

2 0  

3 0  

4 0  

50 

6 0  

pc /P 

7 0  

8 0  

9 0  

I O 0  

Figure 45. Pressure i n  Overexpanded Nozzle, E = 10.0, a = 30" 
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l o o  I 2 3 4 5 6 7 8 9 IO I 1  I 2  13 14 15 
f / f ,  

Figure 46. Pressure in  Overexpanded Nozzle, E = 10.0, u = 30" 



f.1gurth 48. Pressure i n  Overexpanded ?iozzle, E = 10.0, a = 30" 



a. RINGS OF HOLES CONNECTED b. ABRUPT CHANGE IN ANGLE I N  
TO RAM PRESSURE DIVERGING PORTION OF NOZZLE 
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Pc I P 

THEORY y = I 2 6  

WALL AT THIS AREA RATIO 

OCCUR AT AREA RATIO 8.0 

1 2  3 4 5 6 7 8 9 1 0 1 1  1 2 1 3 1 4  15 
f / f ,  

0 

I O  

2 0  

3 0  

4 0  

pc /P 
5 0  

Figure 52.  ‘ les t s  on Inducing Gas Separa t ion  

. - - -_ _ _  - _. . - - - .- - ,--- A T M  PRESSURE = 14.1 p s i a  

FOURTEEN 1/4- i THEORY y = 1.26 

WALL AT THIS AREA RATIO 

OCCUR AT AREA RATIO 8 3  

I 2  3 4 5 6 7 8 9 1 0 1 1  1 2 1 3 1 4  I5 
f / f ,  

Figure 53. Tests on Inducing Cas Separation 



TEST E 4 2 W  

PRESSURE : 14.1 p s i 0  

THEORY y = 1.20 

3 /32  in. WIDE AND 1/8 i n  DEEP ON INNER 
S U R F A C E  AT THIS AREA RATIO 

Figure 54. Tests on Inducing Gas Sepa 
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f / f t  

Figure 56. Tests on Inducing C;as Separation 
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Figure 59. kxperimental Thrust  Coefficient, u = 15" 
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Figure 62. Fxperimental ?%rust Coeff ic ient ,  a = 15", E = 3.5, 10.0, 20.8 

1 EFFECTIVE WEDGE ANGLE I 
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Figure 63. Hypothetical Flow Structure i n  Overexpanded Exhaust Nozzle 

Page 46 



2 6  

24 

22 

pc /Po 
2 0  

I8 

16 

14 

7 - 

-- - ~ - - - -  I 
r = 1.9 

1, = 1.545 in. 
f t  = I .875 sq in. 

It i i 

f s  ' f i  

o a = IO" E = IO 
0 Q = 15" E = 10 

a = 20" E = IO 

x a = 15" E = 2 0  

64. Variation of Plane of Gas Separation w i t h  Chamher 
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